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An investigation was made in the Lang ley  two-dimensional low- 
turbulence  tunnels of two NACA 6-series a i r f o i l s ,  the NACA %-212 and 
the m C A  65~109, equipped with leading-edge s l a t s  and sp l i t   f l aps  
deflected &lo. The optimum s l a t  posit ions were detarm€ned at a Reynolds 
number of  2 .O X lo6. The a i r f o i l  section Uf t   cha rac t e r i s t i c s  were 
obtained  with  the s l z t s   a t   t he  optbum posit ion  tested,   at  Reynolds nunibera 
of 2 .O X lo6 t o  9.0 X 106. Pitchingplcunent characterist ics and the effect 
of roughness on lift characterist ics were determined a t  a Reynolds 
nmber o f  6 .O X lo6 * 

Extensioa of the leading-edge slsts caused  increases i n  maximum 
section l i f t  coefficients and in angles of attack for maximum l i f t  coef- 
f ic ien t  so that  f o r  the NACA 641-212 a i r f o i l  section  increases  in mxbmm 
l i f t  coefficient of 0.a and i n  ensgle of attack of 14O were  attained with 
flaps retracted and 0.60 and 5O w i t h  flaps  deflected, and f o r  the 
NACA 65~109 a i r f o i l  section  increases in ? m x h m a  lift coefficient of 0.69 
and in angle of attack of 10' were attained with flaps  retracteq and 0.81 
and 60 w i t h  flaps deflected !be Bplit f u p  waa slightly m a r e  effective 
in  increasing  the maxirmn section Hf t   coe f f i c i en t  than the leading-edge 
s l a t .  With both. high-lift devices  deflected  the  increase i n  maximum l i f t  
of the   a i r fo i l s  waB approximately  equal t o  the sum of the  Increments 
produced by the high-lfft devices  deflected  individually. 

Extending  the lealing-edge slat on the pla in  a i r f o i l  or increasing 
the Reynolds number on the  airfoils  with the leading-edge s l a t s  extended 
caused  the s t a l l  to become more gradual. 

On the NACA 641-212 airfoi l   sect ion,  where sufficient  data were 
obtained t o  show opt- slat  location,  deflection of the split f lap  
cawed  the optimum slat   locat ion t o  change in such a way as t o  form 9. 

Bmaller gap between the s l a t   t r a i l i n g  edee and the main pa r t  of the 
a 5 r f o i l  section. 
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The m-xa section l f f t  coefficient  increased between Reynolda 
nunibera of 2 -0 X 10 and 6.0 X 10 f o r  all configurations  tested. As the 

Reynolds IluILiber was increased from 6.0 X 10 t o  9.0 X 1D the mmhmm 
section l i f t  coefficient  for the NACA 6k1-212 a i r f o i l  section w i t h  the 
sp l i t   f l ap   def lec ted  60° and the NACA 65~109 airfoi l   sect ion remained 
approximately  constant, whereas the maxbmm lift increased  elightly  for 
the NACA 65~109 airfoi l   sect ion with the  spl i t   f lap  def lected 6oo and 
decreased  slightly  for  the NACA 641-2~  a i r f o i l  sectfon. 

6 6 
6 6 

&me of the problems encountered  wlth the use of t h in   a i r fo i l s  and 
weepback on wings of high-speed airplanes are low aaximuru lift and t i p  
s ta l l ing .  

~revious  investfgat ione of a i r f o i l s  of various thicknesses  (refer- 
ences 1 t o  4) indicate  that  leading-edge slats maintain unstalled flow 
over  the  airfoil  up t o  angles of attack greater than the stall angle 
f o r  the plain wing and contribute  additional l i f t  to the main a i r f o i l .  
Leading-edge slats can be employed on wings to delay t i p  stalling', t o  
increase mxlnnm lift, t o  improve effectiveness of trailing-edge  high- 
l i f t  devices and therefore improve landing  charracteristics of some 
high-speed airplanes . 

The present  investigation  extends existing data on leading-edge 
slats to   the  KACA 6-series a i r f o i l s  of low thickme8  ratios. The 
a i r fo i l s   t e s t ed  were the NACA 65~109 and NACA a1-212 sectiona. The 
optimum slat locations  for maximma section lift coefficient were 
obtained a t  a Reynolds number of 2 .O X 10 With the slats at the 6 
optimum location the section aerodynamic characterist ics w e r e  measured 
up t o  a Reynolds rider of 9 -0 X 10 . 6 

SYMBOLS I 

The term "main part of the airfoil sectiom" is herein considered 
t o  mean that  part  of  the  airfoil   sectiom  excluding t h e  slat. The 
aerodynamic coefficient8 and other f3y1&018 wed fn the  pmaent  paper 
a m  as follows : 

2 l i f t  per unit span 

%/4 quarter-chord pitching-mmnt  per unit span 
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chord of a i r f o i l  with elat   retracted 

f ree-  stream 

f ree-  stream 

free-stream 

velocity 

Jnasa density 

section l i f t   coe f f i c i en t  - G.> 
maxhmm section l i f t  coefficient 

maJdrmrm section lift coefficient  uncorrected  for blockLng at 
h i& l i f t s  

increment of m x h w n  section l i f t  coefficient between plain 
xing and wing with leading-edge slat   deflected 

section pitchFng-mmsnt coefficient  about the quarter-chord 

section Eangle of attack, measured f r o m  airfoil chord line, 
degrees 

Reynolds nuniber 

anmar deflection of leading-edge elat  reference line from 
a i r f o i l  chord l i ne  

horizontal  distance f r o m  leading edge of main part  of a i r f o i l  
t o  the  slat  reference  point in percent   a i r foi l  chord,  positive 
when e la t  mves forward 
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38 vertical  distance from leading edge of maw p& of a i r f o i l   t o  
the slat reference poin t   in   percent   a ido i l  chord, positive 
when the slat move8 upward. 

Subscript 

B leading-edge elat  

The main part of  the  a i r foi l   eect ions used in  this investigation was 
bu i l t  of laminated mahogany and the 0.1b-c leading-&@ slats were bu i l t  
of steel. The ordinates  for  the main part   of  the  airfoil   section8 and 
leading-edge slats are presented in   t ab les  1 and 2,  respectively. 
When the  leading-edge slats m e  retracted, %he 24-inch-chord NACA &,-el2 
and NACA 65~109 airfoi l   sect ions  are  formed. The 20-percent-chord 
trail ing-edge  spli t   f laps,  which were se t  at a deflection of &lo, w e r e  
simulated by a p r i m t i c  block of laminated mahogany attached  to  the 
lower 6UIL"f~ce of the model. 

I 

A schematic diagram and photographs of  the models are presented 
i n  figures 1 and 2, respectively 

The a i r fo i l e  were maintained  aerodynamically smooth except f o r   t e s t e  
with leading-edge roughness. Some tests w e r e  conducted with 0 .Oil-inch 
carborundum grains  applied  with  shellac  to  the  airfoil   leading edge t o  
f ind  the  effects  of  leading-edge roughness on the aerodynamic charac- 
t e r i s t i c s  of the a i r f o i l s .  For  the  slat-retracted  condition, roughness 
was applied  over sn &rea of the a i r f o i l  having a surface length of O.O& 
from the  leading edge on both &aces. For roughnees applled in   the  
slat-extended  conditiona,  the entire slat &ace was roughened i n  
addi t ion  to   the mu#nees applied over the main part of the   a i r fo i l .  

In rnaldng the slat surveys t o  detelllrine the optimum configuration 
of  the leadingedge slat on t h e  airfoils, no &intermediate  supports w e r e  
provided bstween the vfng and slat, and the   f i t t ings  on the ends of the 
s l a t   f o r  changing the  position and deflection were recessed and faired 
into  the tunnel end plates  so tha t  no disturbances i n  the  f lox were 
created  new the 1ead.ing  edge of the   a i r fo i l .  The slat deflections were 
predetermined  b7  having  brackets  drilled f o r  tbe various deflections 
tested;  the  other slat parameters, slat depth and width, were mas-med i n  
t h e  " m e l o  Once the optimum configurations  vere determined., the slats 
w e r e  attached  to  the airfoil by four brwketa, one 5 inches f r o m  each 
end of the m d e l  and one.6  inches on each side of the mdel  center l i ne  
as shown i n  figure 2( a )  . 
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The t e s t s  were  conducted in the Langley two-dimensional low-tur- 
bulence tunnel and in t h e  Lesgley two-dimeneional low-turbulence pressure 

tunnel’. These tunnel8 have test sections 3 feet wide and 71. f ee t  hi@ 
and w e r e  designed to  t e s t  mdels c q l e t e l y  spanning the  3-foot  jet in 
two-dimensional flow. The tunnele and methods of msasurement are completely 
described in reference 5 A l l  data were corrected by methods given in 
reference 5 except l i f t  data obtained in  finding the optimun configurations 
of the lemng-edge slats, which were uncorrected  for  blocking at high 
lifts. 

2 

.Tests w e r e  made i n  the Langley two-dimensional low-turbflence 
tunnel at a Reynolds number of 2 .O X lo6 to   obtain the optimum location 
of  the slats f o r  high mxhmm section l i f t  coefficient  uncorrected  for 
blocking a t  hi& l if ts  for the p la in   a i r fo i l s  and f o r  the a i r f o i l s  with 
spl i t   f laps   def lected 600. ~n the slat surveys, l i f t  measurements 
were made f o r  a wide range of horizontal and vertical   elat   locations and 
for  several  slat deflections. With the leading-edge slats at the  
opt- configurations  tested, l f f t  data w e r e  obtained at Repmlds numbers 
of 2 .O X 106, 3 .O X lo6, 6 .O X lo6, and 9 .c) X m6 in the two-dimensional 
low-turbulence  pressure  tunnel. Pitching-moment data and lift data with 
leading-edge  roughness were obtained at a Reynolds number of 6.0 x lo6 

L i f t  data  obtained f o r  the le--edge slats at  the opt- con- 
figuration  tested w i t h  asd without  intermediate b r a c h t s  indicate that 
the brackets had no effect  on the l i f t  characteristics. 

-ON OF DATA 

Contaurs of airfoi l  maxbmn section lift coefffcient,  uncorrected 
f o r  blocldng at high lifts, with superinqosed l ines  of constant slat 
gap for various positions of a 0 .lh leading-edge slat wlth and without 
a 0.20~ traillng-edge split: f lap f o r  the XACA 641-212 and ITACA 65~109 
a i r fo i l  sectfons are presented in figures 3 t o  6 .  lift coef- 
f ic ien ts  and angles of attack fo r  maximum lift at the optimum configu- 
ra t ion  for  each slat deflection are ahown in the figures. The contours 
indicate  the  sensitivity of the a i r fo i l - s la t  combination t o  changes in 
slat location. The variations of angle of a t tack   a t  maxbmm lift over 
the range  covered were very small. 

Aerodynamic data obtafned  with the slats located at the opt- 
configurations  tested m e  shown in  fi-s 7 t o  10. These data include 
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lift  chmacteristics  at Reynolds nmbers from 2 -0 X 106 to 9.0 X 10 6 and 
lift  characteristics wfth leading-edge rougbesa at a Reynolds number 
of 6.0 x 10 . 6 

No aerodynamic  data  were  available  for  the  plain NACA 65~1.09 airfoil, 
but f o r  purposes  of  comparison maxAmum section  lift  coefficient6 and angles 
of  attack  for  section Uft  coefficients  were  estimated f r o m  data 
presented  in  references 6 and 7. 

Determination  of  orrtimum  1ocatione.-  The  contours  presented in 
figures 3 to 6 BhoW  the maximum section lift coefficients and slat  gaps 
obtained  for V W ~ O U B  positions of the slat  at a Reynolds nlzmber 
of 2 .O X lo6. The highest maximum section  lift  coefficients masured are 
shown plotted against slat deflection in figure ll . These mazimum-lift- 
coefficient  data  indicate that higher maximum lift coefficients  might  have 
been  obtained  with  the NACA eAl.09 airfoil  section  at  higher  slat  deflections. 

The highest r n m x h x m  section  lift  coefficients  measured  for  each 
airfoil-slat  combination  at a Reynolds number of 6.0 X lo6 are preaented 
in table 3 along  with  the  slat  configurations at which  these maximum 
lift  coefficients were  obtained. 

For the NACA 641-212 airfoil  section, for which  data were obtained 
up to  deflections  hi& enough to show the  optimum  slat  location,  it  can 
be Been from figure U and figures 3( c )  and &(a) that deflection  of 
the  split  flap  incredses  the  slat  deflection  required f o r  the highest 
maximum lift  coefficients  and  changes  the  optimum  slat  location  con- 
siderably. This  effect  results in % reduction in gap between  the  main 
part of  the  airfoil and the  slat  trail- edge f r o m  1-7 percent  chord 
for  the  &lapped  airf0i.l  to 1.2 percent  chord  for  the  flapped  airfoil. 

Section  aerodynamic  characteristics  without flap.- Incream8 in maJLi- 
mum lift  coefficient taus-ed by  the  extension  of a leading-edge slat  depend 
on  the  additional  lift  produced  by  the  slat and the effectivenees  of the 
slat  in  controlling the rlow around  the  airfoil. In cam6 where  separation 
begins  at  the  leading  edge  of a plain  sirfoil  section,  Ilft-curve peaks 
are  usually  very  eharp and leabing-edge slats are effective  not only in 
increasing m z h u m  lift  coeff5cisnts  but also in produclng a more gradual 
e t U .  Both of these  effecte are shown by  the lift curves of figure  7(a) 

It can be seen f r o m  table 3 that  increments in the mxhuum section 
lift  coefficient  of 0.60 and 0.69 and increments  in the angle of  attack 
for  maximum lift  of  approximately 14O and 10' were  obtained with the 
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leading-edge  slats on the NACA 641-212 and NACA 65m09 atrfoil sections, 
respectively.'  The  addition  of roughness to the RACA 641_-212 and. 
NACA 6 ~ 0 9  airfoil  sectione  with leading-edge slats  caused  decreases 
in mum section  lift  coefficients of o .43 and o .54, respective-. 

Both a i r f o i l  sections  show  (fig- 12) a genera increase in mxhmm 

section  lift  coefficient  from a. Reynold number of 2.0 X 10 to  approxi- 
mate17 6 .O X lo6. A s  the Repaold6 nurriber is  further incremed to 9.0 x lo6 
the NACA 641-212 airfoil  section  shows a slight  decrease in marhum lift, 
whereas t he  NACA 65AlO9 airfoil  section remain8 approximately  constant. 
Figures 7(b) and g(b) also indicate  that  the  etall  becomes more gradual 
a6 the Reynolds nmiber  is fncreamd . 

6 

The breaks in  the lift curves  at  negative -0,s of attack  (figs. 7(b) 
and 9( b) ) are caused by a eepmation of the f l o w  over the lower surface of 
t h e  leading-edge slat.  Egtension  of the le&=-edge slat  caused the 
aerodynamic center  to move f o m  to a polnt  approxbately equal to t h e  
quarter-chord  point of the extended chord. 

section Wm-amfC characteristics W i t h  flap 0 -  E%teIl8im of the 
leading-edge  slat  to  its  opt-  configuration in conjunction w i t h  a split 
flap  deflected ao caused no changed in the type of stall of the  airfoil 
sections  (fig. 8( a))  and  caused increments Fn maz&mm section  lift 
coefficient and'angle of  attack for maximum section  lift  coefficient  of 
0.60 and 5O, respectively, f o r  the XACA 6kl-2l2 M o i l  section a d  of 
o .81 and 6O, respective-, f o r  the NACA 65~109 airfoil  section. (see table 3.) 

The addition  of roughness to the models with  the leadfng-edge slat 
and split  flap  deflected 600 caused decreaBs in m~t"trm,m section  lift 
coefficients of 0.46 f o r  the NACA %-2E a i r f o i l  section  and  of 0.33 
for  the XACA 65A3.09 airfoil section. 

The maxhum section  lift  coefficients  of the XACA 6k1-212 airfoil 
eections  with a le8ding-edge slat and -lit  flap  deflected 60° increase 
as the ~e 01-w m e r  is bcreased f~nn 2 -0 x 106 to  appro-tely 
6 .O X 10 and then remain constant  to a Reynolds mmiber of 9 .O X lo6. 
The NACA 65~109 airfoil  eection,  with a qlit flap  deflected 600, however, 
shows an increase in maximum lift  Coefficient up to 9.0 X lo6, the  highest 
Reynolds  nuniber  test&. 

P 

On the RACA %-2E airfoil  section,  the leading-edge slat  produced 
an increase of approximately 39 percent in section  lift  coef- 
ficient,  the  split  trailing-edge  flap  deflected 6oo produced an increase 
of approximately 55 percent, and with  both  high-lift  devices an increase 
in maximum section  lift  coefficient of appro-teu 94 percent waa 
obtained. On the RACA 6 5 m 9  Edrfoi l  section, the leading-edge slat 
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produced an increase of approxlmately 59 percent i n  maximum section lift 
coefficient,   ths  spli t   trail ing-edge  f lap  deflected 6Jo produced an 
increase  of approximlztely 63 percent, and w i t h  both  high-lift  devices 
an increase  in maximum section lift coefficient of approximately 
132 percent w a s  cbtained. 

CONClXSIONS 

The resul ta  of a two-dimensional Wind-tunqpl investigation at Reynolds 
nunibera from 2.0 X lo6 t o  9.0 X lo6  of PJACA 641-212 and PJACA 65~109 a i r f o i l  
sections equipped w i t h  a 14-percent-chord leadingedge slat and a 20-percent- 
chord spli t   trail ing-edge  f lap  indicate the following  conclusions: 

(1) Extension of  the leading-edge slats caused  increases in maximum 
section l i f t  coefficients and in  angles of attack f o r  maxbmm lift coef- 
f ic ien t  80 tha t   for   the  NACA 641-2212 airfoi l   sect ion incremes i n  mB;Tlmum 

l i f t  coefficient of 0.60 and in angle of attack of 140 were  attained  with 
flaps retracted and 0.a and 50 with  flaps  deflected, and f o r  the 
NACA @A109 airfoi l   sect ion increases in maxinmn l i f t  coefficient of 
0.69 and i n  angle of a t tack of loo w e r e  attained with f laps  retracted and 
o .81 and 60 w i t h  f laps  deflected . 

(2) Tne s p l i t   f l a p  was slightly more effective  in  increasing the 
&mum section lift coefffcient than the leading-edge slat on the a i r f o i l s  
tested. With both kigh-lift device8 on t h e . a i r f o i l s  the increase  in 
mximum l i f t  was approximately  equal t o  the ~ u m  of the increments produced 
by the high-l i f t  device6  deflected  indfvidually. 

(3 )  Extension of the leading-edge a l a t  on the' p l a in   a i r fo i l  o r  an 
increaee i n  Re;gnolds number on the  a i r foi ls   wi th  leading-edge slats 
exbended caused the stall t o  become more gradual. 

( 4 )  On the MACA 641-2~  a i r fo i l   sec t ion ,   for  whlch sufficient data 
were obtained t o  show optiruum slat location,  deflection of the split 
f lap caused the optimum slat location  to change in such a way a8 t o  form 
a smaller gap between the slat t ra i l ing  edge and the main par t  of  the 
ai r foi l   sect ion.  

( 5 )  Extension of the leading-ed@ elats  cawed  the aerodynamic 
center   to  move forward t o  a point  approximately equal to  the  quarter- 
chord point of the extended  chord. 

( 6) The maximum section l i f t  coefficient  increased between Reynolds 
numbers of 2 -0 X 10 and 6.0 X 10 f o r  a l l  configurations  tested. As the 
Reynolds nuniber was increased from 6.0 X u3 6 to 9 .O X 10 6 the maximum 

6 6 
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section l i f t  coefficient  for t h e  NACA 6k1-2l2 airfoi l   sect ion with s p l i t  
flap  deflected 630 and the NACA @AlOg a i r f o i l  eection remafned approxl- 
mately  constant, whereas the maxhrm l i f t  coefficient  increased  sllghtly 
f o r  the NACA 65~109 airfoil   section  with a p l i t  flap  deflected &IO an& 
decreased  slightly  for the ITACA 641-212 airfoi l   sect ion.  
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TABLE 1 

ORDINATES OB HACA 6\=212 =OIL BECTION WITH W I N G E D G E  SLAT 

S t a t i o n s  and  ordinatee I n  p e r c e n t   a i r f o i l  ohma 

Main p a r t  of a i r f o i l  

S t a t ion  

0 
2 .ooo i:z: 
6 .ooo 
8.000 

10 .ooo 
I2 .ooo 
14.000 

; ! :;e a:;:: 
50 .ooo 

95.013 
100.000 

F Laver surfaoe 
1 
1 

r t 
Leading-edge slat 

Upper sur face  

S t a t i o n  

0 . h d  

1.1 7 0689 

2.P2 Z:& 

11.250 
12.500 
14.000 

f 
7 

" . .  . .. . . . . . . . . . . . . . . . . . . .  . 
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TABLE 2 

ORDINATES OF HACA 65~109 AIRFOIL SECTION m H  LEADING-EDGE S U T  
Statiane  ana ordinates i n  peroent airfoil chard 

r Leading-edge slat Main part  of airfo i l  

t - 

Upper surface T i Upper surface 

Stat ion Ordinate Stat ion Ordinate S t  at i m  lrdinate S ta t ion  

0 

2 138 
7.0 2 

11.250 
12.ogo 
12 -93-5 

.ooo z.745 

. 



"_ 
0.6 

0.8 

.. . . . .  . . . . .  



Slat reference 11, 
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(b) W A  6 ~ 0 9  airfoil section. 

l'igure 2.- Concluded. 





(a) 8, = 30'. 

Figure 3.- Contours of a h f o i l  maximum section lift coefficient,  uncorrected for  blocking at high 
lifts, f o r  various positions of a 0.140 l e a d w d g e  slat on an &A 64+l.5! airfoil section. 
R = 2.0 x lo6, 
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(c) 6s 43.30. 

Figure 4.- Continued. 
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(d) 6, = 54.30. 

Figure 4.- Concluded. 
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(a) 6, = 22O. 

Flgure 5.- C O ~ O U ~ S  of alrf'oil lnnrirmrm motion lift coefficient, unoorrected for blocking at high 
1Vt6, for varioue ~ O S ~ ~ I O I I E  o f  a 0.14~ slat on an HACA 6 3 ~ 0 9  aFrPoLL section. 
R = 2.0 x 10 6 . 
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(a) 6, = 46.3'. 

Figme 6.- Concluded. 
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(a)  Section lift and pitching-moment characterist ics.  R = 6.0 x 10 6 . 
Figure 7'.-AerodpamLc characteriatics of an IWCA 641-212 airfoil section 

equipped with a 0 . 1 4 ~  leading4dge e la t .  For alrfoil with slat 
6, = 43.3O; X, = 0.099C; 7s = -0 .063~.  
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(a) Section lift and pitching+m.mnt  characteristics. R = 6.0 x lo6. 
Figure 8.- Aerodynamic characteristics of an XACA 641-2l2 airfoil  section 

equipped with a 0.14~ leadbg-edge slat and a 0 .20~  60' s p l i t  flap. 
For airfoil with slat 6, = 54.3O; + = 0.084c; yB = -0.091~. 
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(a)  Section l i f t  and pitchhg-nt ch rac t e r i s t i ce .  R = 6.0 x 10 6 . 
Figure 9.- Aerodynamic characterietics of an W A  65~109 alrfoi l  section 

equipped with a 0 . 1 4 ~  leading-dge slat; 6, = 46.30r xs = O.O@c, 
ya = 4.084c. 
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(b) Effect of Reynolds numbers on section lift characteriatics. 

F i m e  9.- Concluded. 
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(a) Section lift and pitching-mament characteristics. R = 6.0 x lo6. 
Figure 10 .- Aerodynamic c h a r a c t e r i ~ t i c ~  of an W A  6 3 ~ 0 9  a i r fo i l   sec t ion  

equipped with a 0 . 1 4 ~   l e a d i w d g e  slat and a 0.20~ 60' sp l i t   f l ap ;  
6, = 46.3O, 5 = O.O8gc, ye = -0.079~. 
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Figure U.- Effect of slat deflection on nvlra-irmrm section lift coefficient . 
on two mpLCA h e r i e s  a i r f o i l  sect iom equipped with a 0 . 1 4 ~  leading- 
adge slat and a 0 .20~  60° s p l i t  flap. R = 2.0 X lo6. 
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1.6. 
2.0 3 .0  4 -0 5.0 6.0 7.0 8.0 9.0 x 10 6 

Reynolds numbr,  R 

Figure 12.- Effect of Reynolds number on maximum section lift coefficient 
on two NACA h e r l e a  airfoil sections equipped wlth a 0.14~ leading- 
edge a h t  and a 0 . 2 0 ~  60° s p l i t   f h p .  




